Lactoferrin (LF) is an iron-binding glycoprotein contained in milk and other exocrine fluids, and is believed to have multiple biological functions. We investigated the intracellular dynamics of LF taken up by three lines of human enterocytes and the subsequent release of internalized LF by using two-site ELISA and confocal microscopy. LF taken up by Caco-2 cells was kept partially intact within the cells and subsequently released to the medium as degraded fragments of 30-50 kDa. The retention and subsequent release of LF by Caco-2 cells were much more abundant than those of ovalbumin, ovomucoid and lysozyme. Such results characteristic of LF were also similarly observed in C2BBe1 and HT29 cells more markedly. LF was detected as punctate signals and partially colocalized with the lactoferrin receptor, intelectin-1, in the respective cytoplasm and nuclei of Caco-2 and C2BBe1 cells. In contrast, LF within the HT-29 cells was detected as much smaller punctate signals scattered in the cytoplasm.
Lactoferrin (LF) is an iron-binding glycoprotein with a molecular mass of 80 kDa and is contained in milk as a major component of whey proteins. 1) LF in milk differs in its abundance among mammalian species and is especially high in human milk.
2) LF is also contained in other exocrine fluids such as saliva, pancreatic and gastrointestinal secretions.
3) Multiple biological roles of breast milk LF in infant nutrition and physiology have been suggested for iron absorption, intestinal cell differentiation, antimicrobial defense and intestineassociated immune functions. 4, 5) Orally administered or ingested bovine milk LF has recently been suggested to affect iron absorption, mucosal and systemic immunity, and lipid absorption and metabolism in both infants and adults of animals and humans. [6] [7] [8] [9] [10] [11] Despite many phenomenological studies on the various physiological functions of orally administered LF, the intestinal absorption mechanism and subsequent in vivo kinetics of LF have not been well investigated.
An earlier in vitro study on the uptake and transepithelial passage of LF by using 125 I-59 Fe-labeled human LF and monolayers of the human intestinal cell line, HT-29cl.19A, has suggested that most (about 90%) of internalized LF was degraded within the cells, and the remaining intact LF or its larger fragments were released to the basolateral side with bound iron. 12) Some other studies using such radiolabeled LF or fluorescencelabeled LF have demonstrated that human LF was bound to the surface of human intestinal Caco-2 cells which had been differentiated on glass slides, internalized via endocytosis mediated by the LF receptor, intelectin-1 (IntL), and localized to nuclei. [13] [14] [15] Animal models have shown that, when bovine LF was orally administered to healthy adult rats, the level of LF detected in portal blood was extremely low. 16) Caco-2 cells have frequently been used as an in vitro cell-culture model in various studies on the intestinal absorption of drugs, toxins and food components. 17) Caco-2 cells established from the colorectal adenocarcinoma tissue of a 72-year-old male showed tumorigenicity in nude mice. However, when Caco-2 cells were differentiated during a further extended culture after reaching confluence, the cells expressed the morphological and functional characteristics of intestinal epithelial cells. C2BBe1 cells were cloned from Caco-2 cells by limiting dilution based on the apical localization of the brush border-maker, villin. 18) This subclone of Caco-2 cells forms polarized monolayers with the apical brush border and expresses several microvillar proteins, including villin, fimbrin, sucraseisomaltase and brush border myosin-1. HT-29 cells from colorectal adenocarcinoma tissue of a 44-year-old female showed epithelial morphology with microvilli. This cell line expresses the polymeric immunoglobulin receptor 19) and mucin 20) which are respectively characteristic of intestinal epithelial cells and goblet cells. These intestinal cell lines have therefore been used for various model studies, although the properties of each cell line are not well understood from the aspect of their protein absorption, including LF.
Our previous studies using animal and in vitro cellculture models have shown that the model protein, y To whom correspondence should be addressed. Tel: +81-52-789-4129; Fax: +81-52-789-4128; E-mail: tmatsuda@agr.nagoya-u.ac.jp Abbreviations: DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; IntL, intelectin-1; LF, lactoferrin; LY, lysozyme; OA, ovalbumin; OM, ovomucoid; PBS, phosphate-buffered saline; POD, peroxidase ovalbumin (OA), which was taken up from the intestinal lumen, migrated to peripheral blood at a ng/mL level in adult mice 21) and that OA was taken up by the Caco-2 monolayers, degraded within the cells, and partly released in an intact form. 22) In contrast, LF was almost undetectable in the peripheral blood of rats to which LF had been intragastrically administered, 16) and the subcellular localization and dynamics of LF taken up by intestinal epithelial cells have not been well investigated. As a first step to understanding the intestinal absorption of LF, we investigated in the present study the subcellular dynamics of four different kinds of protein, including bovine milk LF, taken up by the three human enterocyte-like lines, Caco-2, C2BBe1 and HT-29, and the subsequent release of the internalized proteins by using two-site ELISA and confocal microscopy.
Materials and Methods
Materials. Bovine milk LF was a product of Morinaga Milk Industry Co., Ltd. (Tokyo). Lysozyme (LY) was purchased from Seikagaku Corporation (Tokyo). Ovalbumin (OA, grade III), ovomucoid (OM), Dulbecco's modified Eagle's medium (DMEM) were purchased from Sigma. The rabbit anti-OA antibody (IgG fraction) and rabbit anti-LY antibody (IgG fraction) were obtained from Rockland Immunochemicals. Goat anti-LF (IgG fraction) was from Brthyl Laboratories. The rabbit anti-OM IgG fraction was prepared from anti-OM serum 23) by ammonium sulfate precipitation followed by anionexchange chromatography in a column of DEAE-Sephacel (GE Healthcare Life Science). The mouse anti-human IntL monoclonal antibody (Saly-1) was obtained from Alexis Biochemicals. The mouse antisera against OA, OM, LF and LY were raised in Balb/c mice by subcutaneously immunizing with Freund's adjuvant. Horseradishperoxidase (POD)-conjugated horse anti-mouse IgG and POD-conjugated goat anti-rabbit IgG were purchased from Cell Signaling Technology (Beverly, MA, USA). Cy3-conjugated donkey anti-rabbit IgG was purchased from Jackson ImmunoResearch Laboratrories (West Grove, PA, USA), and Alexa Fluor Ò 488-conjugated goat antimouse IgG and TOTO-3 Iodide (642/660) were obtained from Invitrogen.
Cell culture. Caco-2, C2BBe1, and HT-29 cells (ATCC, American Type Culture Collection, VA, USA) were cultured in DMEM supplemented with 10% FBS, a 1% non-essential amino acids solution (Sigma), 100 U/mL of penicillin and 100 mg/mL of streptomycin, and grown under humidified 5% CO 2 and 95% air condtions at 37 C. The cells were seeded at 1:0 Â 10 5 cells/cm 2 on 24-well plates pre-coated with Type-I collagen (Nitta Gelatin, Tokyo), or on cover slips (BD BioCoat Cellware, NJ, USA) set in 6-well plates. The medium (200 mL and 3 mL per well for the 24-well and 6-well plates, respectively) was replaced every 2-3 d.
Assay for protein uptake and subsequent release by the human enterocyte-like cell lines. Ten days after seeding, the culture medium was replaced with a fresh medium (200 mL per well) containing a mixture of LF and the other proteins, OA, OM and LY (0.1 mg/mL each). After incubating for 0 h (the mixture was immediately discarded after addition), 3 h or 9 h in a CO 2 incubator at 37 C, the cells were washed and the culture medium was replaced with a fresh medium. After further incubating for a certain period of time (1 min, 3 h, or 24 h), the culture supernatant was recovered, while the remaining cells were washed 3 times with ice-cold PBS and then lysed with a lysis buffer (50 mL per well) containing 50 mM Hepes (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10% glycerol, 1% Triton X-100, 2 mM phenylmethanesulfonyl fluoride, 40 mM leupeptin and 15 mM pepstatin-A. The supernatant was collected as a cell lysate after centrifuging at 17;500 g for 10 min at 4 C.
Two-site ELISA. ELISA plates (Nunc-ImmunoÔ plate, Nalge Nunc International) were coated with the rabbit or goat IgG-fraction specific for each protein (1-2.5 mg/mL in PBS) at 4 C for 16 h. After being washed with PBS containing 0.05% Tween 20 (PBST), the plates were blocked with 1% BSA in PBST at 37 C for 1 h. Each standard protein solution (about 10 ng/mL) and sample solution (the culture medium and cell lysate) were diluted appropriately with 1% BSA in PBST and added to the antibody-coated plates, before incubating at 37 C for 1.5 h. The plates were incubated with mouse antibodies specific for each protein at 37 C for 1 h, and finally with POD-conjugated antimouse IgG at 37
C for 1 h. The POD activity was measured by using o-phenylenediamine as a substrate.
SDS-PAGE and immunoblotting. Proteins were dissolved in an SDS-PAGE sample buffer [200 mM Tris-HCl (pH 6.8), 1% (w/v) SDS, 30% glycerol, 150 mM DTT, 0.01% (w/v) bromophenol blue, and 1% -mercaptoethanol], and the solution boiled for 5 min, separated by SDS-PAGE and electrophoretically blotted on to PVDF membranes (ImmobilonÔ, Millipore). After blocking with NETG [150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl (pH 7.5), 0.05% Triton X-100, and 2.5 mg/mL of gelatin], the membranes were incubated at 4 C for 16 h with primary antibodies specific for the proteins. After washing with NET [150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl (pH 7.5), and 0.05% Triton X-100], the membranes were then incubated at room temperature for 50 min with POD-conjugated anti-rabbit IgG. The protein bands were visualized by using enhanced chemiluminescence (an ImmobilonÔ Western Chemiluminescence HRP substrate, Millipore, Bellerica, MA, USA) and an AE6981 light capture system (Atto, Tokyo, Japan).
Immunocytological analysis. The cells were cultured on cover slips set in 6-well plates for 10 d. The culture medium was then replaced with a fresh medium containing LF (0.1 mg/mL). After incubating at 37 C for 3 h in a CO 2 incubator, the cells were washed with ice-cold PBS. The cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% cold Triton X-100, and blocked with NETG. LF and IntL were respectively stained at 4
C for 16 h with specific primaryantibodies appropriately diluted with NETG, before staining with the fluorescence-labeled secondary antibodies, Cy3-coupled donkey antirabbit IgG and Alexa Fluor Ò 488-conjugated goat anti-mouse IgG at room temperature for 3 h in the dark. Nuclei were stained with TOTO-3. The immunofluorescent images were observed with an LSM510 laser scanning confocal microscope (Carl Zeiss), the intensity of the LF and IntL signals being quantified by the Image J 1.46 image-processing program.
Statistical analysis. Differences between two groups were analyzed with a T-test by using Microsoft Office Excel.
Results

Immunoblotting analysis of LF taken up and subsequently released by Caco-2 cells
In the course of preliminary studies on the cellular uptake of LF and OA, we observed that the concentration of these proteins in the cell lysates increased rapidly during the initial 30 min of incubation with these proteins and reached a stable plateau after further incubation for 2-3 h (data not shown). To minimize variation in the amount of protein uptake among the cell culture samples, an incubation time of 3 h was therefore selected as the fixed condition for loading these proteins. We examined whether LF was taken up and retained by human enterocyte-like cells by pulse-loading Caco-2 as a representative with LF together with the control protein, OA, and then chasing the fate of internalized LF. LF retained in the cell lysates and released into the culture supernatant was first analyzed by immunoblotting. LF could be clearly detected in the cell lysates mainly in an intact form of 70 kDa and its fragments of 45 kDa and 15 kDa bands (Fig. 1A) . During the chase period for 120 min, the immunological staining intensity of the 70-and 45-kDa bands decreased slightly when compared to tubulin as a control. The control protein, OA, simultaneously added to the culture medium was undetectable in the cell lysates (data not shown). In contrast, LF was detected in a degraded but not intact form in the culture supernatants recovered 30 min and 120 min after replacing the medium (Fig. 1B) . LF released from the cells into the culture medium consisted mainly of degraded fragments of 30-50 kDa which have been speculated to consist of N-and C-domains (termed N-and C-lobes). 24, 25) OA was also detected in these samples, but relatively weakly in an intact form of 45 kDa.
Validation of two-site ELISA for determining LF To examine more quantitatively the intracellular retention and subsequent release of LF taken up by the enterocyte-like cells, we developed a two-site ELISA method for four kinds of proteins including LF. Specific amounts of each protein were added to PBST, FBScontaining DMEM and the Caco-2 cell lysate, and each solution was subjected to two-site ELISA after appropriate dilution as described in the Materials and Methods section. Typical standard curves for this LF determination are shown in Fig. 2 . This two-site ELISA gave lines with high correlation between the ELISA value and LF amount, except that the blank ELISA value for FBS-containing DMEM was a little higher than that of the other two. However, by subtracting the blank value, three standard curves for each solution nearly fitted each other, indicating that LF in the cell lysates and culture supernatants could be analyzed by this assay method.
LF taken up and subsequently released by the human enterocyte-like cell lines as determined by two-site ELISA To examine the intracellular retention and subsequent release of LF and some other proteins taken up by the Caco-2, C2BBe1 and HT-29 cells, the cells were loaded with a protein mixture of OA, OM, LF and LY by culturing with the medium containing the protein mixture for 0, 3 and 9 h. After protein loading, the medium was discarded and the cells were thoroughly washed. LF released into the medium during the subsequent culture for 24 h as well as LF retained within the cells after the culture were then determined by two-site ELISA (Fig. 3) . The total amount of LF in the cell lysate and the culture supernatant was far more than that of any other proteins tested. Such a higher uptake and release of LF was apparent in all of the three cell lines, especially the HT-29 cells. LF in the cell lysates as well as in the culture medium of the cells loaded with LF for 3 h was almost equal in abundance to that of the cells loaded for 9 h, suggesting that the amount of LF taken up and retained by the cells was already saturated 3 h after protein loading.
The retention and subsequent release of LF was examined in further detail to estimate the amount of LF loaded and retained in the cells. The cells were loaded with the protein mixture for 3 h, and the culture medium and cell lysate were recovered immediately (one min) and 3 h after adding the fresh medium. The contents of LF and the representative control protein, OA, in the sample preparations are shown in Fig. 4 . About 50-60 ng of LF per well was estimated to be present within the Caco-2 and C2BBe1 cells immediately after the loading and subsequent washing, while about 150-200 ng of LF was within the HT-29 cells (Fig. 4A) . Such intracellular LF decreased to about 60-70% after similarly culturing for 3 h in each of the three cell lines. Released by Caco-2 Cells. The Caco-2 cells were cultured for 10 d on 24-well plates, and then the culture medium was replaced with a fresh medium containing a mixture of LF and OA (0.1 mg/mL each) and the mixture cultured for a further 3 h for protein loading. The cells were then washed, and the culture medium was replaced with a fresh medium (200 mL per well). After further incubating for 30 min and 120 min, the culture supernatant was recovered, while the remaining cells were washed 3 times with ice-cold PBS and then lysed with a lysis buffer (50 mL per well). The culture supernatant and cell lysate were subjected to immunoblotting (40 mL of each sample per lane) for LF, OA and tubulin as the control. ELISA plates were coated with the goat anti-bovine LF IgG fraction (1 mg/mL in PBS). Standard LF solutions were prepared at 0-10 ng/mL with PBST containing 1% BSA (circle), DMEM containing 10% FBS (square), and the Caco-2 cell lysate (triangle) prepared with the lysis buffer as described in the Materials and Methods section. LF captured on the antibody-coated ELISA plates was detected by using the anti-LF antibody and POD-conjugated secondary antibody. Regression lines with the determination coefficient are also shown.
Into the culture medium of the Caco-2 and C2BBe1 cells, about 60 ng and 30 ng of LF per well had already respectively been released during the first one min of the chase period. The LF amount released into the medium increased 3-4 times during 180 min of the chase period (Fig. 4B) . LF released into the medium by the HT-29 cells was about 3 times more than that of the Caco-2 cells. The contents in the cell lysates of OA (Fig. 4A ) and the other two proteins (data not shown) simultaneously loaded into the cells were markedly lower than those of LF.
Subcellular localization of LF taken up by the human enterocyte-like cell lines
The three lines of enterocytes cultured on cover slips set in the 6-well plates were fixed, permeabilized and double-stained for the LF and LF receptor, IntL. Typical Z-stacked images are shown in Fig. 5A . LF was detected as relatively large punctate signals and frequently colocalized with IntL within the cells of specific populations of the Caco-2 and C2BBe1 cells, suggesting the presence of both proteins, possibly as LF-IntL complexes, in a same subcellular compartment. In HT-29 cells, on the other hand, many LF signals could be detected as relatively smaller punctates within a much larger population of the cells when compared to that of the Caco-2 and C2BBe1cells, and colocalization of LF with IntL was only apparent in a limited number of signals (Fig. 5B) . C2BBe1 cells among the three cell lines showed a relatively high mean value for the LF signal intensity, as well as the IntL signal, when obtained from four microscopic views containing LFpositive cell populations (Fig. 5C) .
To analyze subcellular localization of internalized LF in its three-dimensional distribution, confocal XZ images of LF and IntL were rendered. The immunostained LF signals were localized in the apical-side cytoplasmic regions adjacent to the nucleus and colocalized with IntL in the Caco-2 cells (Fig. 6) , while both the LF and IntL signals in the XZ images merged with the nuclei in C2BBe1 cells when similarly observed in Three lines of human enterocytes (Caco-2, C2BBe1 and HT-29 cells) were cultured on 24-well plates for 10 d, and then the culture medium was replaced with one containing the protein mixture of ovalbumin (OA), ovomucoid (OM), lactoferrin (LF) and lysozyme (LY) (0.1 mg/mL each). Without incubation (unfilled bars) and after culturing for 3 h (grey bars) and 9 h (black bars) for protein loading, the cells were washed thoroughly with the medium. A pre-warmed fresh medium (200 mL per well) without these four proteins was then added, and the cells were cultured for a further 24 h to degrade the cells or release the internalized proteins. The culture supernatant was finally recovered, while the cells were harvested after lysis with the lysis buffer (50 mL per well). Each of the four proteins in the cell lysate or supernatant was analyzed by using two-site ELISA. The total amounts of the four proteins per well are shown. Each value represents the mean AE SD of 3 wells. Three lines of human enterocytes (Caco-2, C2BBe1 and HT-29 cells) were cultured on 24-well plates for 10 d, and then the culture medium was replaced with one containing a mixture the four proteins (0.1 mg/mL each). After culturing for 3 h for protein loading, the cells were thoroughly washed with the medium. A prewarmed fresh medium (200 mL per well) without these four proteins was then added. Some cells were immediately (1 min) harvested as the cell lysate (50 mL per well) after adding a fresh medium, and the other cells were cultured for a further 3 h to degrade the cells or release the internalized proteins. The culture supernatant was finally recovered, while the cells were harvested as cell lysates (50 mL per well). LF as well as OA as a representative control for the four proteins in the cell lysate or supernatant was analyzed by using twosite ELISA. Each value represents the mean AE SD of 3 wells. the XY images. On the other hand, LF signals in the HT-29 cells were almost undetectable in a single plane of the XZ image.
Discussion
We originally attempted to establish the epithelial model of cell monolayers on a porous membrane for comparative studies of the LF uptake by the three different lines of human intestinal epithelial cells, Caco-2, C2BBe1 and HT-29. However, in the case of the HT-29 cells, the formation of a cell tight junction, as demonstrated by high electrical resistance, was found to be poor, resulting in paracellular leakage of the proteins. Therefore, according to previous studies on the uptake and nuclear localization of LF, 13, 14) the cells were cultured on standard flat-bottom plates and differentiated by a prolonged culture after the cells had reached confluence. As expected, the cells cultured on the plates internalized LF in a sufficiently large amount to be immunochemically analyzed.
The uptake of LF by Caco-2 cells in most of the previous studies has been analyzed by using LF labeled with a radioisotope or fluorescent probes 13) and, therefore, biochemical characterization and a quantitative analysis of the LF protein itself within the cells were not well understood. In the present study, LF taken up by the Caco-2 cells and subsequently released to the culture medium was first of all analyzed by immunoblotting. The abundance of intact LF and the relatively small amount of its fragments in the cell lysate suggested that a part of LF taken up by the cells had been retained intact, and its degradation intermediates had not been stably retained within the cells, at least for a few hours after the uptake. In contrast, the degraded fragments, but almost no intact protein could be detected in the culture supernatant, indicating that LF had been released from the cells into the culture medium immediately after being degraded into its domain fragments within the cells. Moreover, almost no and much smaller amounts of OA respectively detected in the cell lysates and culture supernatants suggested that LF had been taken up by the Caco-2 cells more actively than OA.
The quantitative analysis by two-site ELISA on the uptake of four distinct proteins clearly demonstrated that LF was taken up and subsequently released far more actively than the other three proteins by all of the three cell lines. This active uptake of LF by the enterocytelike cell lines could be ascribed, at least in part, to endocytotic uptake mediated by the LF-specific receptor, IntL. 13, 26) However, a collective contribution to the LF uptake by some other mechanisms could not be ruled out, because a certain level of uptake by the enterocytes was also apparent for some proteins other than LF in the present and previous studies. 21, 22, 27) About 60 ng of LF per well of the Caco-2 cells was taken up by the 3-h loading, while about 120 ng (after subtracting the value of 80 ng for the 1-min incubation) of LF was subsequently released into the culture medium during the 3-h culture. Although the reason for these apparently contradictory results between the LF uptake and subsequent release remains unknown at this moment, the association of LF with its receptor, as speculated by the immunocytological analysis (see Fig. 5 ) may have reduced LF-binding with specific antibodies, resulting in the underestimation of LF in the cell lysates. Nevertheless, it could be concluded that a part of the LF molecules, which had been taken up once by the enterocyte-like cell lines, was retained intact within the cells, while another part escaped from lysosomal degradation and was released into the culture medium as its immunoreactive domain fragments.
There have been few previous studies on the subcellular distribution of LF taken up by enterocytelike cell lines, except that human LF has been reported to be localized in the nuclei of a certain population of Caco-2 cells. 14, 15) In this present study, for the first time to our knowledge, LF could be clearly observed as punctate fluorescence signals within the cells. The relatively higher intensity of the LF fluorescence signals per microscopic view presumably indicates LF accumulation in certain subcellular compartments, most likely within early endosome in the case of Caco-2 cells, rather than indicating the amount of LF within the cells. The results from the immunocytological analyses would not therefore be inconsistent with those from the immunochemical analyses using two-site ELISA, in which LF was abundant in the cell lysates of the HT-29 cells (see Figs. 4 and 5) . The colocalization of LF with IntL in the respective cytoplasmic compartments and nuclei of the Caco-2 and C2BBe1 cells suggests that, after endocytotic uptake together with its receptor, IntL, LF was localized in the early endosome and nuclei as stable complexes with IntL. C2BBe1 is a subclone of Caco-2 and is more homogeneous with respect to its absorptive enterocyte morphology than Caco-2 cells.
18) The cell populations, in which LF was localized in the nuclei via still-unidentified mechanisms, may selectively have been concentrated in the C2BBe1 cell line. It is interesting that the HT-29 cells showed characteristic confocal images of LF localization, which clearly differed from those of the other two cell lines, and exhibited far more active uptake and subsequent release of LF (see Figs. 4 and 5) . These results suggest that the underlying cellular processes for LF uptake and subsequent release in HT-29 cells differed from those of Caco-2 cells. HT-29 cells are positive in their mucin expression, 20) indicating that this enterocyte-like cell line retained goblet cell-like properties in part. A recent study using an in vivo imaging approach has demonstrated that goblet cells delivered such luminal soluble antigens as polysaccharides and proteins to basolateralside dendritic cells in mice and humans. 28) HT-29 cells may retain some of the properties of goblet cells in such uptake and transcytosis of macromolecules.
The biological relevance of the LF intracellular retention and subsequent release of its fragments by enterocytes to a variety of physiological functions of orally administered LF remains to be investigated. LF retained within the enterocytes may play a role in the dynamics of iron stored within the cells as a complex with ferritin, because iron taken up together with LF by monocytes has been reported to be transferred to subcellular ferritin. 29) In respect of the subsequently released LF fragments, a peptide fragment at the LF Nterminus, called lactoferricin, is known to show higher anti-bacterial activity than LF, 30) and both the N-and Clobes of LF have recently been reported to bind to an LF receptor, the lipolysis-stimulated lipoprotein receptor, of hepatocytes and thereby to inhibit the hepatic uptake of triglyceride-rich lipoproteins. 31) LF fragmentation by enterocyte subcellular proteolysis may therefore enhance the anti-microbial activity and inhibitory activity toward lipoprotein uptake. Further studies are needed to characterize the released LF fragments and the polarized apical-or basolateral-release from the cell monolayers to understand the physiological significance of subcellular processing of LF by the intestinal epithelial cells. Subcellular proteolytic processing in addition to proteolysis in the digestive tract may modulate the biological activity of milk lactoferrin.
